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The nascent distribution of product species and energies is a fundamental property of chemical reaction dynamics and kinetics. These distributions are central to models for the global transformations of complex chemically reactive environments. Theoretical predictions of the incipient product species are complicated by the need to model the interplay between a number of chemical transformations occurring over a complex potential energy surface, including the role of collisions with bath gases in modulating the dynamics. The interpretation of product energy distributions also requires models that proceed beyond statistical theories in order to map the post-transition state dynamics. Quantitative measurements of these distributions provide stringent constraints for theoretical models of chemical reaction dynamics. Unfortunately, it has proven to be extremely challenging to accurately determine these distributions experimentally under well-defined conditions of temperature and pressure.
The coupling of flow-tube reactors, which provide well-defined temperature and pressure (T, p) conditions, with photo-ionization mass spectrometry provides an effective means for measuring product species concentrations in chemical kinetics studies; see, for example, Refs. [1] [2] [3] [4] [5] [6] . In these studies, it is customary to employ an orifice inserted into the flow on the side of a tubular reactor, through which a small fraction of the molecular sample is expanded, often using a supersonic jet, into a separate vacuum chamber for cooling and analysis. Although, in that configuration, a minimal perturbation to the well-characterized flow is imposed by the probe, the supersonic expansion does alter 7-10 the pre-expansion quantum state population distributions of molecular reaction products. These state distributions can encode [11] [12] [13] important information about the transition states that the system has passed through.
In situ and time-resolved spectroscopy, which has been successfully implemented in flow-tube reactors for infrared absorption, 14 FTIR emission, [15] [16] [17] broadband ro-vibrational frequency 4 comb, 18 and pure rotational [19] [20] [21] [22] spectroscopy. [23] [24] [25] [26] [27] [28] [29] [30] [31] Broadband spectra with meaningful relative intensities of the rotational transitions separated by tens of GHz can now be acquired in several microseconds. The potential of CP-FTMW spectroscopy and its millimeter-wave region extension, CP-FTmmW spectroscopy, [32] [33] [34] [35] for chemical dynamics studies of isomerization, [25] [26] 36 discharge, [37] [38] [39] [40] photolysis, 13, 32, 41 and pyrolysis 10, [42] [43] reactions has been demonstrated in the last decade.
However, determination of useful experimental branching ratios 10 for kinetic modeling 43 hinges on the availability of well-characterized reactors. Implementation of chirped-pulse (CP) spectroscopy within a pulsed uniform flow reactor provided an important advance with the gas flow from a de Laval nozzle maintaining nearly constant temperature and pressure. 41, 44 The setup allows time-resolved investigation of low-temperature chemistry at well-known conditions.
However, the technique is limited to ≲100 µs residence time and low temperatures of 20-30 K.
Furthermore, the pressures in the flow tend to be on the higher end of what is feasible for effective microwave spectroscopy.
In this work, we demonstrate the utility of time-resolved chirped-pulse rotational spectroscopy of photodissociation reaction products in a flow-tube reactor at intermediate (room) temperature. A schematic of the flow tube reactor coupled with the photolysis laser and CP-FTmmW spectrometer is shown in Fig. 1 . The reactor is designed to maximize the overlap between the gas sample, photolysis laser beam, and mm-wave beam of a CP-FTmmW spectrometer for better signal. This is achieved with a pair of 3" diameter fused silica mirrors with a high reflectivity dielectric coating for the 193 nm photolysis laser wavelength, labeled "M" in Fig. 1 . The mirrors transmit the mm-wave beam sent by the source part of the CP-FTmmW spectrometer and reflect the laser beam thus combining the two inside the reactor as shown with the arrows. The overlapping and co-propagating mm-wave and laser beams interact with the gas sample over the entire 1 meter length of the reactor and are separated by a second dichroic mirror after exiting it. At 1.2 sccm flow, the pressure p = 1 µbar = 0.1 Pa ≈ 0.75 mTorr of neat vinyl cyanide is measured by a capacitance manometer. In other experiments, vinyl cyanide is pre-mixed with 6 inert gas at 10% by mole and introduced to the reactor. In these runs, the total pressure in the reactor is increased to p = 10 µbar, thus maintaining the partial pressure of CH 2 CHCN at 1 µbar. FastFrame™ of Tektronix can be used to study molecular spectra with time-resolution of several microseconds. 52 We are using the multi-chirp 10 approach to target, with narrowband chirps, several known rotational transitions [53] [54] [55] of CH 2 CHCN photoproducts HCN, HNC and HCCCN.
In this way the limited mm-wave power is concentrated in a few small frequency spans of 30 Ref. 10 , each free induction decay (FID) is averaged separately, rather than into a common "summary frame", to record the time-evolution of the spectra following the CH 2 CHCN photodissociation event at t = 0 as shown in Fig. 2 (a) . After 3.5 hours of averaging, we achieve 
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We anticipate that, in our experiments, rotational equilibration of hot photofragments to the ambient room temperature is a plausible explanation for the behavior of the HCN and HCCCN signals in Fig. 2 during the early times, t < 1 ms (the later decay is due to evacuation of the reactor). As the molecules thermalize by collisions with other molecules, the buffer gas, [56] [57] [58] and the wall 5, 59 of the reactor, the rotational level distribution shrinks and the intensity of the J = 1-0 transition increases. At the same time, cyanoacetylene may be forming via a mechanism that is consistent with the observed delay in HCCCN appearance (see below). Two complementary experiments were conducted to investigate other possibilities. From measurements with isotopically labeled vinyl cyanide (see SI), we estimate an upper limit of 6% for the contribution from bimolecular chemistry. In the medium time-resolution mode of the TReK-CP experiment,
we use the BrightSpec W-band spectrometer 60 in the synchronized High Dynamic Range (sync-HDR) regime to obtain broadband CP-FTmmW spectra in the 75-92 GHz frequency range (Fig.   S4 ). By synchronizing to an external trigger, in this mode the BrightSpec spectrometer is set to operate only within a certain time-window following the photolysis event. As shown in SI, these broadband spectra contain multiple transitions of vibrationally excited HCCCN. Using their intensities we obtain the vibrational population distributions (VPDs) averaged over the 0 < t < 400 µs and 1 ms < t < 5 ms time-intervals as shown in Fig. 3 . The time-evolution of these VPDs suggest that it is not vibrational relaxation that is responsible for the HCCCN signal ascending in 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 11 rotational transitions for accurately measuring T rot , the VPDs in Fig. 3 are determined with an assumption that T rot is the same for all vibrational levels.
Therefore, the plateaus at t = 0.5-2 ms in Fig. 2 Tables S1 and S2 , respectively.
Branching ratios can be deduced from CP-FTmmW signals as follows. First we consider the CP-FTmmW line intensity ‫,ݒ(ܵ‬ ‫′ܬ‬ ↔ ‫)"ܬ‬ of the ‫′ܬ‬ ↔ ‫"ܬ‬ transition of a molecule in the vibrational level ‫,ݒ‬ where ‫′ܬ‬ and ‫"ܬ‬ are the total angular momentum labels for the upper and the lower rotational levels involved in the transition, respectively. The two-sided arrow emphasizes the equal role of these levels. 62 In the weak-field excitation limit, [31] [32] 63 in an optically thin sample, 64 and in the absence of the chirp edge effects, 65 ‫,ݒ(ܵ‬ ‫′ܬ‬ ↔ ‫)"ܬ‬ has the following dependence: 24, [66] [67] [68] [69] (1)
Here k is the Boltzmann constant, ‫ܧ‬ ᇱ and ‫ܧ‬ " are the rotational energies of the ‫′ܬ‬ and ‫"ܬ‬ levels, ω is the mm-wave transition frequency, is the transition strength, µ x is the projection of the electric dipole moment, n is the number density, and L is the length of the reactor. Note that 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 13 nuclear spin is either not resolved as in HCCCN and HNC, or the line intensities are summed over the hyperfine structure as in HCN, the effects of the hyperfine interaction are omitted altogether. We also consider here only singlet electronic state molecules with no symmetry operations that permute identical nuclei.
In non-floppy molecules ܳ ୰୭୲ (ܶ ୰୭୲ ) ൎ ܳ ୰୭୲ (௩) (ܶ ୰୭୲ ) and the denominator in eq. (1) is the product of the rotational and vibrational partition functions. In that case it is convenient to derive an expression for the CP-FTmmW signal ܵ( ‫′ܬ‬ ↔ ‫)"ܬ‬ summed over all vibrational satellites in the spectrum:
The vibrational partition function and the vibrational temperature are eliminated, which makes eq. (2) useful when, for example, the VPD is non-thermal.
For linear molecules, eq. (2) the 1ν 2 level is associated with ℓ = 1 vibrational angular momentum and does not exist in J = 0.
Hence, for n HCN we are employing eq. (1) in order to account for possible ‫ݒ‬ ଶ ൌ 1 (݃ ௩ ൌ 2)
population with higher J. The shortcoming is that we are assuming the vibrational temperature: 
from determination of ܴ(߱) and ℰ (߱).
To gain insight into the experimental results, we conducted a theoretical investigation of vinyl cyanide unimolecular dissociation. The vinyl cyanide potential energy surface was investigated at the CCSD(T)/CBS//B3LYP/6-311G** level of theory (Scheme 1 and Table S3 ). To assure that all relevant transition states and intermediates were located, the surface was searched using the global reaction route mapping (GRRM) technique, 71 [74] [75] [76] [77] were used to independently obtain the enthalpies of formation for some of the relevant species as shown in Table S5 . Table S6 provides the ATcT Our calculations predict that the 1,1 elimination of H 2 (TSD2), which is followed by :CCHCN → HCCCN isomerization, contributes 87% of the H 2 loss flux. Meanwhile, the flux to CH 2 CCN is predicted to be 4 times that for the H 2 loss channels
The production of HCCCN from the third pathway depends on the branching between stabilization of CH 2 CCN and its dissociation to HCCCN + H, which in turn depends on the nascent energy distribution in CH 2 CCN. The photofragment translational spectroscopy experiments of Lee suggest that a significant fraction of the H atoms (perhaps 50%) arising from the dissociation of vinyl cyanide will have less than 4 kcal/mol translational energy. 45 In principle, the corresponding CH 2 CCN coproducts would have enough internal energy to dissociate. However, the CH 2 CCN is undergoing collisions with the bath gas that serve to further modulate the energy distributions, which will lead to stabilization of some of the molecules and also further excitation of some of them. Fig. S7 shows the tunneling corrected RRKM predicted dissociation lifetime for CH 2 CCN as a function of energy above the HCCCN + H asymptote. Note that the reverse barrier for this process is about 3.9 kcal/mol. The quantitative prediction of the nascent energy distribution is challenging, and is left for further work. For now, we simply note that it is reasonable to presume that 1/4 of the CH 2 CCN molecules dissociate, which would yield a branching to HCCCN that is equivalent to that from the H 2 loss channels.
Notably, these three paths might be expected to yield quite different internal energy distributions. In particular, the high exothermicities (> 50 kcal/mol, cf. Table S5 ) from TSD2 and TSD5b suggest that these H 2 losses would likely yield HCCCN that is both vibrationally and rotationally hot. However, there has been some suggestion in the literature that a coupling of the decomposition via TSD2 to :CCHCN with the isomerization to HCCCN may lead to an unexpectedly cold HCCCN. 45 Nevertheless, it is hard to envision such a coupling transferring the full exothermicity to the H 2 . Meanwhile, the sequential dissociation process should yield vibrationally cold HCCCN. It is less clear what would be expected for the rotational distribution as the first dissociation step may yield rotationally hot CH 2 CCN, with a partial conservation of the rotational excitation during the second dissociation.
The observed HCCCN VPDs (Fig. 3) are not consistent with very much energy being deposited in the internal motions of HCCCN. In contrast, Lee and coworkers concluded that they observe the HCCCN + H 2 elimination channel with about 20 kcal/mol deposited in translational motion. Meanwhile, the Dai group 16 observed no hot cyanoacetylene in 193 nm photolysis of CH 2 CHCN. Notably, contributions from both H 2 loss and successive H loss pathways may rationalize these apparently disparate observations. In particular, the present experiments are well described by the sequential H loss channel, which is consistent with our observations of HCCCN thermalizing to room temperature vibrationally from below (Fig. 3) . Furthermore, the ~ 1 ms timescale for the rise in the HCCCN population may be related to the timescale for the 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 18 dissociation of the CH 2 CCN from the first dissociation step (cf. Fig. S7 ). It is important to recognize though, that we are likely much less sensitive to the H 2 loss channels because the signal is distributed over too many rovibrational states. In contrast, the experiments of Lee and coworkers involve slightly lower overall excitation energies due to the effects of supersonic cooling prior to photolysis and thus may not have sufficient energy to induce successive dissociations. However, their mass spectrometry techniques readily observe the molecules arising from the expected broad rovibrational distributions of the H 2 loss channels.
Most HCN (78%) and HNC (60%) stem from 3-center elimination transition states, with HNC elimination preceded by isomerization (TSI1) to vinyl isocyanide. Both HCN and HNC pathways lead to singlet vinylidene co-products, which has a predicted 78 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 As illustrated in Fig. 4 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 Boltzmann population difference between rotational levels at T ≥ 300 K peaks for transitions at higher mm-wave frequencies or in the terahertz region, as can be shown with eqs. (1-3) , employment of higher frequency spectrometers is desired for increased TReK-CP sensitivity.
With such an advancement, studies in a heated flow-tube reactor may be within reach. In future studies, higher operating pressures will be explored while paying close attention to diffusion of reactive photoproducts to the reactor's walls and the possibility of wall-mediated chemistry.
Whereas wall reactions may add to the gas-phase chemistry under investigation, wall reactions themselves can be a focus of TReK-CP studies. For example, TReK-CP spectroscopy of catalytic reaction 81-82 products desorbed into the gas phase from a prepared wall of the flow-tube reactor is an intriguing possibility.
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